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Calcium-binding proteins containing local circuit neurons are distributed ubiquitously in the human cerebral cortex where they colocalize with a subpopulation of cells that contain GABA. Several reports using a variety of pathological models, including Alzheimer's disease (AD), have suggested that cells containing calcium-binding proteins are resistant to pathological insults. In this report, we test the hypothesis that AD pathology can differentially affect parvalbumin-containing cells depending on their location in the entorhinal cortex and the state of projection neurons with which they are associated. Using cases with different quantities of AD pathology, we determined the density of immunostaining for parvalbumin in the entorhinal cortex, and we correlated this with the concomitant pathological lesions in the various layers of this cortex.
Since the elucidation of the chemical/pathological correlates of Parkinson's disease nearly five decades ago, it has been tempting to believe that other degenerative diseases may be linked to specific neurochemically identifiable systems. An early example of this arose from the pioneering biochemical studies of Davies and Maloney (1976) and Perry et al. (lY77) , who reported altered levels of cortical acetylcholine in Alzheimer's disease (AD) and the subsequent demonstration of cholinergic cell loss in some AD patients (Whitehouse et al., 1981; Hansen et al., 1988; Geula and Mesulam, 1989; Giacobini, 1990) . However, it is clear that the neurochemistry of degenerative diseases is a complex issue (Morrison et al., 1987; Lowe et al., 1990; Akiyama et al., 1989; Terry et al., 1991; Palmer and DeKosky, 1993; Auchus et al., 1994; Jaarsma et al., 1994) . For example, the viability of a chemically specific neuron relates as well to the health of projection neurons with which it is associated and to targets on which their axons end. Thus, cholinergic neurons may be targeted directly by the disease, but their axons also terminate in cortex undergoing atrophy and degeneration. It is unclear which of the two lead to cholinergic neuron vulnerability. Importantly, the same could be said about cortical local circuit neurons because by definition they associate with projection neurons that are the targets for pathology in AD. When it is argued that local circuit neurons (calcium-binding protein and NADPH-d-positive neurons) are resistant to change Our results show a clear decrease in parvalbumin immunostaining in some parts of the entorhinal cortex when AD neuropathological markers are present. As the density of pathological markers in the entorhinal cortex becomes greater and more widespread, there is a decrease of parvalbumin immunostaining in additional layers, although in all cases, some cells persist.
Parvalbumin-containing neurons are clearly vulnerable in AD, but not because of neurofibrillaty tangle formation. Instead, they are rendered vulnerable only after substantial loss of projection neurons; only then do they, too, become part of the lesion.
Key words: parahippocampal gyrus; calcium-binding proteins; GABA; Alzheimer's disease; entorhinal cortex; parvalbumin immunohistochemistry in AD (Ferrer et al., 1991; Hof et al., 1991, lY93; Heizmann and Braun, 1992; Mufson and Brandabur, lY94) , it implies both that they are not vulnerable to the particular pathology of the disorder and also that they are unaltered by to the loss of their own postsynaptic targets and other trophically related interactions that they may have with them.
In our estimation, the fate of local circuit neurons in AD has not been adequately assessed, because investigators have focused on the neocortex, where it is well known that only some layers are affected and, even these, in a subtotal manner. A more stringent test would be to assess vulnerability of local circuit neurons (such as the ones containing the calcium-binding protein parvalbumin) in a part of the cortex where a large number of neurons are diseased and where an entire layer of projection neurons is destroyed. Even though it is known that some parvalbumincontaining neurons have long axons, it is likewise clear that a majority have extensive local connections, contacting postsynaptic targets on projection neurons in their vicinity (Braak et al., 1091 : Baimbridge et al., 1902 Beall and Lewis, lYY2; Tuiion et al., 1092; Andressen et al., 1993) .
Entorhinal cortex changes in AD [neurofibrillary tangles (NFTs) and neuritic plaques (NPs)] have a unique laminar distribution and temporal ordering (Hyman et al., 1984; Braak and Braak, 1992) . In recent reports Solodkin, 1903, 1994; Solodkin and Van Hoesen, 1YY6) , we proposed that NFTs target neuronal populations that form modules. On the other hand, parvalbumin-containing neurons do not develop NFTs (Iwamoto and Emson, 1991) , but are in close association with the entorhinal modules, which in some cases have a complete investment of tangles . Hence, the objective of the present report was to determine whether the parvalbumin neurons associated with the entorhinal modules are concomitantly reduced when NFTs develop in the projection neurons of the modules or whether, in parallel to isocortical layers, they are resistant to degeneration and somehow survive.
per cell island in layer II was 3.87 t 0.05 and was not correlated with the age of the subjects (p. = -0.42;~ = 0.35). In summary, the assessment of parvalbumin immunolabeled elements located in layer II is not subtle because the cell bodies are found close to the lower border of the islands and the neurites form a dense mesh among the neurons of the islands.
MATERIALS AND METHODS
Human brain tissue from 10 control (ages ranging from 55 to X1 years) and 22 AD cases (ages ranging from 58 to 92 years), all with autolysis times of <6 hr, was processed for immunohistochemistry.
AD was diagnosed using the CERAD (Consortium to Establish a Registry for Alzheimer's Disease) (Mirra et al., 1991) and Khachaturian (1985) criteria, which include the diagnosis of clinical dementia plus the presence of NFTs and NPs in the hippocampal-parahippocampal areas as well as in other isocortical areas. The AD cases examined had a duration of clinical dementia ranging from 2 to 20 years.
The immunohistochemical methods used have been described previ-
In layer III, the distribution of parvalbumin-immunoreactive cells changes. Layer III, as seen in parvalbumin-stained tissue, can be subdivided in two sublayers (IIIa and IIIb). The more superficial (IIIa) is characterized by the presence of few immunoreactive cell bodies, and those present are located mainly in the interspaces between the cell islands of layer II. These have a vertical orientation with their neurites running toward layer I on the one hand, and deeper layers on the other. This creates the impression of columns between the cell islands (Fig. 24) . Additionally, in some instances, there are parvalbumin cell aggregates deeper and in register to the cell islands of layer II. The distribution of parvalbumin cells in layer IIIb is completely different. The density of neurites increases so dramatically that it forms a dense band of immunoreactivity that stops abruptly at the border with lamina dissecans (Fig, 1B) . Embedded in this band of immunoreactivity are numerous parvalbumin-positive cell bodies. The width of this band of immunoreactive neurites has a mean of 781 +-23 pm in control cases. In the same group, the average number of cells per unit area in layer III was 4.34 t 0.75. Pearson's correlation coefficient between these values and age was low (r = -0.23, p = 0.58 and r = -0.36, p = 0.34, respectively).
Deeper layers (IV-VI) are characterized by a decrease in the density of cells immunolabeled for parvalbumin. Those present are elongated and larger cells that send dendrites toward more superficial layers. The density of these decreases even more as layer VI is approached.
ously . Briefly, 50 pm sections obtained from parahippocampal gyrus blocks, fixed by immersion in 3% paraformaldehyde/l5% picric acid, were incubated in one of the following primary antibodies: mouse anti-parvalbumin (monoclonal, 1:80,000, Swant, Switzerland), mouse anti-A68 (Alz-50, monoclonal, 1: 1000, Abbott Pharmaceutical, Chicago, IL and also donated by Dr. P. Davies, Albert Einstein University), or mouse anti-amyloid precursor protein (APP; lOD5, MOO, donated by Dr. B, D, Schenk, Athena Neurosciences). Antibody visualization was achieved using biotin-avidin complex (Jackson ImmunoResearch, West Grove, PA) followed by a reaction with 5% DAB/0.03% H,O,. The primary antibodies were dissolved in normal serum containing 0.4% Triton X-100, whereas the secondary antibody contained 0.1% Triton X-100, For specificity control, one of the incubation steps was omitted, resulting in a complete suppression of the immunostaining. Additionally, selected sections were counterstained with Thioflavine-S or methylene blue.
Data were collected-with a light microscope coupled to a computer and other analytical devices. For the description of the distribution of the immunostaining in the human entorhinal cortex, Lorente de N6's (1933) nomenclature was used. For assessment of cell numbers, all of the immunolabeled cell bodies located in layer II associated with the cell islands were counted in double-labeled sections. This allowed the identification of this layer, especially in severe AD cases in which atrophy was very pronounced. For layer III, cell counting was based on the stereological optical dissector technique using systematic random samples (Srivastava at al., 1993; West, 1994) . Layer IIIb width was estimated at the midpoint of the anterior parahippocampal gyrus between the tentorial notch and the collateral sulcus. Statistical analysis of the data was done using Pearson's correlation coefficient and one-way ANOVA followed by Dunnett's multiple comparison test. Data are presented as mean + SE.
Using the entorhinal cortex subdivisions proposed by Insausti et al. (1995) , all measurements were done at the level of the intermediate
Distribution of pathological markers in AD cases
In the human entorhinal cortex, the neuropathological markers of AD (NFTs and NPs) have a clear and discrete laminar distribuChanges of parvafbumin immunostaining in the tion. For example, the first neuronal elements to develop NFTs (as seen with both Alz-50 and Thioflavine-S staining) are the large entorhinal cortex in AD multipolar and pyramidal cells that form the cell islands in layers II and IIIa (Figs, 3A,B, 4C-G), As the duration of the illness increases, additional neuronal elements are affected with the same type of lesions. These neurons are located mainly in layer IV (Fig.  4&G ), followed in long duration of illness cases by layers IIIb, V, and VI.
The distribution of amyloid deposits as well as the amyloid precursor protein is for the most part limited to layers IIIb (Figs. 3D,E, 4C-E,H), and in some cases layer I. The location of plaques in layer IIIb also shows a preference for medial areas, sparing more lateral parts. In some cases, they form mature plaques but, for the most part, they are of the diffuse typem Layer II, on the other hand, does not have noticeable quantities of either /3-amyloid or amyloid precursor protein.
entorhinal cortex.
RESULTS

Distribution of parvalbumin immunostaining in control cases
Parvalbumin-immunostained elements in the entorhinal cortex of control cases have a distinct distribution in both vertical and horizontal planes. This and the celIular characteristics of the entorhinal cortex are shown in Figure 1, A Because the main distribution of both parvalbumin immunostaining and the lesions of AD are associated with layers II and IIIb, the results will be described by contrasting them (Fig. 3A-F) . In general, the most dramatic change in the density of parvalbumin-containing neurons was in layer II. 3A,.B). In all cases studied, there was a clear decrease in the parvalbumin immunostaining in this layer, evidenced by a reduction, and even disappearance, of the patches formed by dendrites and axons in the cell islands as well as in the number of parvalbumin cell bodies associated with them (Fig. B-D) . The average reduction in the number of parvalbumin cell bodies for all AD cases was 76% (Fc4,26j= 13.97,~ < 0.00001; Table 1 ). The initial change observed was a reduction in the density of cell bodies associated with the cell islands of layer II. Concurrently, with a decrease in the density of cells, the quality of J. Neurosci., May 15, 1996, 76(10) immunostaining of parvalbumin neurons was altered and, in many cases, label was only in the proximal dendrites, whereas in control cases, neurons had a Golgi-like appearance with immunoreactive secondary and even tertiary processes (Figs. 3E, F and 2C, D, respectively) . Another frequent observation was that parvalbumin cell bodies located in layer II had weak immunostaining and, in some cases, the reaction product was not distributed homogeneously throughout the cell body. Instead, it formed a halo around the periphery of the soma, giving a ghost-like appearance and the impression of cell degeneration.
Parvalbumin immunostaining in layer IIIb of AD cases was more variable. In some cases, it was clearly affected, whereas in others, it was not. The overall changes seen were a decrease in the density of the immunostaining of the band formed by the neurites and a reduction in its width (Fc,:,,) = 7.61,~ = 0.0004; Fig. 54-D) . The density of parvalbumm cells did not differ between the Alzheimer's cases and controls (Fc4,26j = 0.83, p = Table 1 ). In contrast to layer II, the reduction of immunostaining was in no case as pronounced as in the former layer, where in most instances, it was completely devoid of parvalbumin immunostaining. In layer IIIb, even in the cases with the largest alterations of immunostaining, there were some parvalbumin-immunolabeled cell bodies and neurites still present. Additionally, in layers II and IIIb of all Alzheimer's cases, we did not find neurons containing both NFTs and parvalbumin immunoreactivity.
Because of the wide range of parvalbumin immunoreactivity in AD cases, we analyzed the data in terms of the quantity of Alzheimer's pathological changes found in entorhinal layers II and IIIb, focusing on both NFTs and NPs. Four grades of pathological changes were formulated. The rationale behind this grading was not to provide clues for a correlation between clinical symptoms and pathological lesions or even progression of dementia, btit only to describe the density of pathology within the entorhinal cortex (Fig. 4C-F) . There was also no correlation between age and years with clinical dementia (I = 0.1, p = 0.58).
Parvalbumin immunostaining changes based on grades of entorhinal pathology
Grade I
The cases in this grade (n = 4) had an average of 5.5 -C 1.8 years with clinical dementia. Parvalbumin immunostaining showed changes in layer II consisting of a decreased density of parvalbumin cell bodies, although the patches of immunoreactive neurites were still present, preserving the patchy appearance seen in con- The asterisks denote the values that were statistically different from controls: *p 5 0.003, **p < 0.0001. May 15, 1996, 16(10) trol cases (Fig. 5A ). The average number of parvalbumin cells per island was 1.5 t 0.9, which is a decrease of 61% compared with controls (Dunnett's p = 0.001; Fig. 6 ). However, the cells that were left, for the most part, were darkly stained and indistinguishable from controls. The density of the immunoreactive band in layer III was not different from controls, although its width was reduced slightly from 781 i 23 Frn in controls to an average of 703 +-81 Frn (Table 1, Fig. 6 ). In summary, grade 1 was characterized by the reduction of immunoreactive cell bodies in layer II and a slight decrease in the width of layer IIIb immunoreactivity.
Grrrde 2
The average duration of the illness for this grade was 5.6 t-3 years (n = 7). Layer II-immunoreactive cell bodies showed a further decrease (66% reduction; Dunnett'sp = 0.00008; Fig. 6 , Table 1 ). However, the most conspicuous change was the large reduction of the patches of immunoreactivity within the cell islands (Fig. 5B) . Moreover, the quality of the immunostaining of the remaining neurons was degraded because it was lighter than in the previous grade and, in some cases, was limited to the periphery of the cell bodies (Fig. 3,4-C) . In layer IIIb, the density of the cells immunoreactive for parvalbumin did not differ from the grade 1 (mean II 2.76 t 0.96), but the width of the immunoreactivity band was decreased further to an average of 668 2 39 pm, a reduction of 15% compared with controls (p = 0.09; Fig. 6 ).
Grade 3
The duration of clinical dementia for these cases (n = 7) was 9.3 + 3.8 years. Layer II was devoid of immunoreactivity in neurites, and no patches were observed (Fig. 5C) . Additionally, the average number of parvalbumin cells per island was decreased further to 0.87 5 0.44, representing a 77% reduction from controls (Dunnett's y = 0.00001; Fig. 6 , Table 1 ). Survivors had abnormal staining and were pale with little dendritic staining. Immunostaining within the cell bodies was limited to a peripheral band. The immunoreactivity in layer IIIb showed a further decrease of 23% in its width compared with controls (Dunnett's p = 0.003; Fig. 6 , Table l), whereas the density of cells within this band remained roughly similar to the two previous grades and controls (mean = 3.11 5 0.70).
Grade 4 At this stage (II = 4), the average duration of clinical dementia was 16 i 5 years. Immunostaining in layer II was absent with no patches of neurites, and the reduction in the density of the parvalbumin cells per island reached 99% (Dunnett'sp = 0.00008; Fig. 6, Table 1 ). Layer IIIb did not show profound changes. The band of immunoreactivity was still present, and there were scattered cell bodies immunolabeled for parvalbumin (mean = 2.5 5 1.0). The main difference was the width of the band, which on average was 420 5 20 km, a 46% reduction compared with controls (Dunnett's p = 0.0002; Fig. 5D .E). It is interesting to mention that the density of neuritcs within the band was reduced also, and the remainder had an abnormal appearance with thick and tortuous processes.
DISCUSSION
Our findings reveal a decrease in parvalbumin neurons and neuropil staining in the entorhinal cortex of AD cases that parallels the development of NFTs in the projection neurons of that cortex. These results are interesting because parvalbumin-containing neurons form a subpopulation of GABAergic neurons (Celio, 1986; Kosaka et al., 1987; DeFelipe et al., 1989; Hendry et al., 1989; Lewis and Lund, 1990; VanBrederode et al., 1990; Demeulemeester et al., 1991) , and also because previous reports focusing on the isocortex indicate that in AD there is no change in the density of these cells (Ferrer et al.? 1991; Fonseca et al., 1993; Hof et al., 1993) but, rather, changes in their morphology (Arai et al., 1987; Satoh et al., 1991; Fonseca et al., 1993) . A single biochemical report describes a decrease of >50%# in the quantity of parvalbumin in the parahippocampal gyrus (Inaguma et al., 1992) . With the exception of this latter report, our findings appear at odds with the negative findings of several investigators. In fact, they are more in line with reports describing reduced parvalbumin immunostaining on Creutzfeldt-Jakob's disease, stroke, cerebral ischemia, and epilepsy (Johansen et al., 1990; DeFelipe et al., 1993; De Jong et al., 1993; Ferrer et al., 1993; Tortosa and Ferrer, 1993) . Many variables determine the vulnerability of neurons within cortical layers and even entire cytoarchitectural areas in AD (Hyman and Gomez-Isla, 1994) , but it seems obvious that the presence or absence of calcium-binding proteins in a neuron is not an indicator of whether it survives. Differences in the type of cortex where pan!albumin containing neurons occur is certainly a variable as well as the degree to which projection neurons are compromised.
The entorhinal cortex is a good model to test the vulnerability of parvalbumin neurons, not only because it is one of the areas where the pathological changes of AD occur first and most heavily (Hyman et al., 1984; , but also because the distribution of both Alzhcimer's pathological markers and parvalbumin neurons is segregated to some degree. This has enabled us to look objectively at pathological changes and, in the same specimen, assess alterations in immunostaining.
The grades of pathology used to judge our results have differences and parallels with the more general model of . The main difierence is that they consider a large number of areas, cortical and subcortical, to highlight the presumed longitudinal events taking place in AD. Our grades focus only on the entorhinal cortex. Moreover, they did not consider the presence of NPs in the entorhinal layer III, which is a critical factor for this investigation. Nevertheless, based on the distribution of NFTs in the entorhinal cortex, our grade 1 would seem to correspond to their stage II, our grade 2 to their stages III and IV, our grade 3 to their stage V, and our grade 4 to their stage VI. The grades of pathology in the entorhinal cortex proposed here are a useful tool to aid in evaluating the effects of pathological changes on parvalbumin cells vulnerability because they have a good correlation with duration of dementia. In contrast, the lack of correlation between the pathology grades and age of the patients suggests that age does not determine the distribution of pathological markers within area 28 (Mizutani and Shimada, 1992) , or in other cortical areas for that matter (Arnold et al., 1991) .
Grade 1
The main observations were the decrease in the density of parvalbumin neurons in layer II and a preservation of immunostaining in layer IIIb, It is not clear, however, if the decrease seen in Iayer II was associated with neuronal death becau se the patches of neuri tes in the cell islands were still detectable. The decrease in immunostaining may also reflect a decrease in the concentration of parvalbumin by a reduction in activity because their postsynaptic targets contain NFTs. A high correlation between parvalbumin immunostaining and neuronal activity levels has been shown previously (Omidi et al., 1988; Celio, 1990) and AD pathology in layer II is correlated with diminished cytochrome oxidase staining (Chandrasekaran et al., 1994) . Interestingly, the presence of amyloid deposits in layer IIIb did not result in a decrease in the density of parvalbumin neurons, a consequence, perhaps, of their eficient buffering of intracellular calcium (Pike and Cotman, 1995) .
Grade 2 This grade was characterized by three changes. First, there was a conspicuous increase in NFTs in layer II. Second, neurons containing NFTs made their first appearance in the large modified pyramids that form layer IV. Third, there was a further decrease in immunolabeling in layer II. Obviously, this alone could be accounted for by the. increase in destructive pathology to the projection neurons of layer II, but because layer IV neurons provide intrinsic axon co1 laterals to the superficial layers of the entorhinal cortex, the loss of their contacts and further dimi nution of neural activity cannot be ruled out as an exacerbating variable.
Grades 3 and 4 These grades were notable for the absence of change in the density of parvalbumin neurons on layer IIIb in the face of increasing NFTs directly affecting this layer. Likewise, there was a preservation of immunostaining in the band that occupies layer IIIb consisting of axons and dendrites, although it shrunk in width by nearly one-half. Were it not for the shrinkage, and the fact that layer II immunoreactivity had already changed dramatically in grades 1 and 2, it would be easy to reach the erroneous conclusion that pan/-albumin staining in the entorhinal cortex mimicked the absence of change in AD often reported for the isocortex. This laminar-specific preservation of staining is not immediately explainable, and we can only surmise that it is maintained by plastic responses on the intact processes of surviving neurons similar to those reported in the isocortex (Cellerino et al., 1992; SchmidtKastner et al., 1992) . Such changes are known to occur in AD in other cortical areas (Hyman et al., 1987; Masliah et al., 1993) . On the other hand, and even though as in the isocortex (Arai et al., 1987; Satoh, 1992; Fonseca et al., 1993) , some of the parvalbumin neurons remaining had morphological abnormalities in their processes, it is difficult to explain how the density of these cells is maintained in these latest grades of pathology. Differential vulnerability of parvalbumin neurons in cortical layers is not an unusual occurrence in the cerebral cortex. DeFelipe et al. (1993) showed in temporal lobe epilepsy a selective decrease in the density of these cells restricted to layers II, III, and IV. In our case, viability may be preserved if these cel1s are protected against abnormal increases of intracellular calcium (Chard et al., 1993 ) and, hence, are not vulnerable to the toxic effects of amyloid (Khachaturian et al., 1989; Mattson, 1994) ; but that does not explain why they do not degenerate either when the density of NFTs increased. An additional characteristic of these cells could be that their efferent targets and afferent inputs are not affected in the same degree (Arnold et al., 1991) , or it could be that in this layer there is a higher concentration of trophic factors (Price et al., 1991; Scott et al., 1995; Zhan et al., 1995) In summary, it is clear that there is a lack of homogeneity in the fate of parvalbumin cells in the entorhinal cortex in AD. Especially in the first grade of the disease, when the development of NFTs is confined to layer II, it is tempting to think that the most likely candidate determining the viability of these cells is the presence or absence of their synaptic targets. Passive mechanisms such as retrograde degeneration (Nitsch and Frotscher, 1993) are an attractive possibility. Interestingly, have reported a similar correlation between the density of NFTs in layers V-VI of prefrontal cortex and calbindin-containing neurons in AD. An additional candidate could be apoptosis. In a provocative report, Su et al. (1994) showed that in the hippocampus and entorhinal cortex of AD cases, apoptosis is present in neurons, with and without NFTs. Hence, we cannot rule out that some of the neurons showing apoptosis could contain parvalbumin. Another possibility could be aging, as suggested by Heinsen et al. (1994) . However, in this study, that may not be the case because the density of parvalbumin neurons in layer II or IIIb of controls was not correlated with age (Trill0 and Gonzalo, 1993; West et al., 1994) . Finally, another possible mechanism of degeneration could be the presence of toxic factors produced as consequence of inflammatory reactions around the NPs (Kalaria, 1993; McGeer et al., 1993) . This does not seem to be the case either because in layer IIIb, in grades 1 and 2, where NPs are the only lesions, the density and number of parvalbumin cells is unchanged.
In summary, our findings reveal that a clear up or down statement conta cannot ining ne be made about the vulnerability of parva lbuminurons in AD. Viabili ty is continge nt on the type of cortex in which these neurons are loca ted and the specific layer within which they rcsi de. Moreover, in some instances, their fate seems linked a1so to the fate of the projection neurons with which they associate, and some partners may be better than others. Finally, it seems likely that parvalbumin neurons themselves may vary greatly in their ability to cope with destruction of neuropil around them. All considered, however, it is clear that the disrupted mechanisms that lead to NFTs in projection neurons are likely not shared by parvalbumin neurons and that their vulnerability is governed by yet unidentified factors ongoing in the disease process itself. 
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